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ABSTRACT
Invasive species are a growing problem and their impact on the
habitats and the species they are introduced to is still understudied.
Phenotypic plasticity, including developmental plasticity, can be an
effective way for native species to defend against introduced
predators. The mud snail, llyanassa obsoleta, is a good model system
for studying developmental plasticity in response to invasive predators
since mud snails are wide spread, have been impacted by many
invasive species, and have a life cycle that is easy to study and
manipulate. My two questions were do mud snails exhibit blanket
reproductive plasticity to crabs or do they have more individualized
responses and how long might it take for plastic developmental
responses to arise? Two sets of experiments were run. The first
experiment, run in the spring of 2011 and 2012, was to determine if
mud snails had different reactions in response to familiar and
unfamiliar predators. Snails from both Virginia and Maine were used
and the two predators were familiar in either Virginia (blue crab,
Callinectes sapidus) or Maine (green crab, Carcinus maenas) The
second experiment, run in the summer of 2011, was designed to
determine if there was a gradient of reactions to both native and
introduced predators. I predicted mud snails would exhibit the
strongest reaction to native predators (rock crab, Cancer irroratus;
hermit crab, Pagurus longicarpus), a less strong reaction to an older
invasive species (green crab, C. maenas), and the weakest reaction to
the newest invasive species (Asian shore crab, Hemigrapsus
sanguineus). In the first two experiments there was a variety of
reactions, some to familiar and some to unfamiliar. In the second
experiment there was no significant difference between any of the
predators. It is possible that various problems made plasticity difficult
to measure, or that there are no plastic defenses seen in this system.
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Introduction
When species are moved from their original habitat and into
another one they have the potential to become invasive. An invasive
species is defined as a non-native species that has negative impacts
on the environment it is introduced to (Beck et al, 2008). As long as
there has been travel, humans have spread species beyond their
native ranges. While many of these introductions happen every day,
very few species actually develop breeding and sustainable
populations in their new environment and only about one percent of
them become invasive, or damaging to their new environment
(Williamson, 1996). Despite this low percentage, there are still many
examples of invasive species and more are introduced every day. A
study of one island showed that there was a successful invasion by a
new species of pterygote insects every three or four landings by
humans (Gaston et al, 2003). There is also evidence to suggest that
the rate of these introductions is increasing (Nico & Fuller, 1999). Even
in harsh environments with little human impact, like boreal forests,
have increasing numbers of invasive species (Sanderson et al, 2012).
The species composition can range up to 20 percent invasive species
in some places (Vitousek et al, 1996).
Species invasions are a frequent occurrence in marine habitats
(Ruiz et al, 1997). Some areas, like San Francisco Bay, are heavily
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impacted, with 234 established invasive species (as of 1998) and a
benthic community composition that ranges from 40 to 100 percent
invasive species (National Resource Defense Council). Marine
invasions have biological, economic, and social impacts, and there is
no good way yet to stop the spread of species through ship ballast and
intercontinental ship travel (Bax et al, 2003). Global warming has been
shown to help the establishment of invasives (Hellmann et al, 2008)
and facilitate spreading towards the poles (Canning-Clode et al, 2011).
It has recently been found that some metal contaminants can facilitate
the establishment and spread of an invasive bryozoan (McKenzie et al,
2012). The ecological and evolutionary impacts of these invasions are
intense and somewhat understudied in coastal and marine
environments (Grosholz, 2002). Invasive species can drastically
change the areas they are introduced into in multiple ways.

,

Invasive species, by definition, negatively impact their new
environment. These negative impacts include being vectors for
disease, high monetary costs to get rid of or check their spread,
disrupting native biological processes, and reducing native biodiversity
(Vitousek et al,. 1996). Native species can also undergo evolution in
response to the newly invasive species. Sometimes native species can
adapt to an invader by utilizing them as a food source. For example
some North American soap bugs (Jadera haemotoloma) take
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advantage of introduced goldrain trees (Koelreuteria spp.) as a food
source by evolving new mouth stylets that are longer (Carroll & Dingle,
1996). Native species can take advantage of invaders as hosts as well,
and may even eventually stop using the host they previously used
(Singer et al, 1993). For example, an English butterfly (Euphydryas
editha) has been found to greatly prefer an introduced species of plant
(Plantago lanceolata) for its oviposition, and may even refuse to use
the ancestral plant (Collinsia parviflora) at all (Singer et al, 1993).
Another possible evolutionary response is a defensive one, where the
native species develop a response that makes it more difficult for them
to be preyed upon or impacted by the invasive species (Freeman &
Byers, 2006). For example, the periwinkle, Littorina obtusata, produces
morphological changes in response to an invasive crab predator
(Carcinus maenas) that evolved in less than 100 years (Trussell &
Smith, 2000).
Invasive predators can cause more than just morphological
changes in native prey; they can have an impact on behavior as well.
Some of the species that exhibit a behavioral response to a native
predator can express a similar response to an introduced predator
(Townsend, 1996). The marine snails Nucella napillus and Littorina
littorea have been shown to develop behavioral changes such as
reducing feeding rate to defend themselves from Carcinus maenas, an
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invasive crab, and this response has evolved within 150 years
(Trussell et al, 2003). These morphological and behavioral changes
may sometimes be due to phenotypic plasticity.
Phenotypic plasticity is the ability of an organism to exhibit
different phenotypes in response to environmental cues, and is often
considered to be adaptive, though it doesn’t have to be. Plasticity can
be brought about by many different cues. For example, environmental
cues, such as the flow of zooplankton, can help determine the
morphology of cnidarian colonies (Sebens, 1979). Another potential
cue is the presence of predators. Chemical cues from predators can
induce both physiological changes and developmental changes in their
prey (Black, 1993). Juvenile stages can be lengthened or shortened
depending on what will help the juvenile avoid the predator best, and
eventual reproductive output can also be changed. For example,
Daphnia pulex that were exposed to two different predators showed
different responses - cues from one predator led to delayed maturity,
while cues from the other led to a rapid onset of maturity (Black, 1993).
Phenotypic plasticity can also extend to the processes of
reproduction and development, a phenomenon called developmental
plasticity (Smith-Gill, 1983). For example, cues from organic input can
help determine when deep sea invertebrates reproduce, which can
lead to either seasonal or continuous reproduction (Eckelbarger &
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Watling, 1995). Organisms that have reproduction that responds to
multiple factors, like the combination of temperature and tidal cycle,
exhibit a large amount of plasticity as well (Morgan & Christy, 1994).
Predator cues can cause individuals to reproduce when they are
smaller than normal and invest more energy into reproduction (Weider
& Pijanowska, 1993; Lampert, 1993; Stibor & Luning, 1994). Size at
hatching in insects can also change through phenotypic plasticity
(Rowe & Ludwig, 1991). Larval forms of some frogs can vary in
morphology, behavior, and growth rates in response to predators and
competitors (Relyea, 2004).
Plasticity can be a response to invasive species. One good
place to study plasticity in response to invasives is the rocky coast of
New England. The rocky intertidal ecosystem have been monitored
and investigated for years (Menge, 1976; Lubchenco, 1980; Leonard,
2000; Gendan et al, 2011). Maine specifically is a good place to study
the impacts of invasions because there are several examples evident
on the coast. An Asiatic alga (Codium fragile) has expanded into Maine
(Mathieson et al, 2003) and multiple species of sea squirts have been
introduced and are expanding rapidly (Dijkstra et al, 2007). New
predators have been introduced as well. The green crab (Carcinus
maenas) was introduced 100 years ago (Ropes, 1968) and more
recently the Asian shore crab (Hemigrapsus sanguineus) has made its
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way up the east coast. The Asian shore crab was introduced in New
Jersey in 1988 and has been present in Maine since 2005 (McDermott,
1998). Despite the short amount of time this invader has been present
in Maine, it has already been shown to elicit defensive morphological
responses in a native mollusk, the blue mussel Mytilus edulis
(Freeman and Byers, 2006). The difference in the length of time
between these two crab invasions offers interesting opportunities to
study the speed of adaptation in native organisms.

Mud snails, llyanassa obsoleta, are one such native species;
they are found in abundance along the east coast of North America,
from Nova Scotia to Florida (Brenchley & Carlton, 1983). Mud snails
are primarily deposit feeders, and will also scavenge on dead
organisms and eat algae (Scheltema, 1964). They have shells that are
highly resistant to crushing, requiring up to 500 kilograms of
compressive force to be crushed, so predators often choose other prey
(Tucker et al, 1997). However, they are known prey of some migratory
sea birds (Recher, 1966) and sea stars (Peterson, 1979). I. obsoleta
are ecologically important wherever they are found as benthic
modifiers and nutrient cyclers (Edwards & Welsh, 1982; Cranford,
1988). For examples, at low levels of grazing by mud snails,
photosynthesis in the surrounding algae is increased due to increased
nitrogen cycling, while high levels of grazing overwhelm the benefit of
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increased nitrogen and greatly reduce the amount of algal production
(Conner et al, 1982). I. obsoleta grazing also leads to lower larval
settlement and recruitment in multiple infaunal and surface-dwelling
genera (Hunt etal, 1987). The grazing both causes benthic
disturbance and leads to direct consumption of settling larvae (Hunt et
al, 1987). It is probable that the grazing activity of mud snails controls
the upper limit of abundance in benthic annelids (Kelaher et al, 2003)
and the distribution of amphipods (DeWitt & Levinton, 1985).

While this species has a wide geographic range some studies
have shown that there is little differentiation throughout the range and
so East Coast I. obsoleta are considered a single population (DiazFerguson et al, 2010). However, since the statistical test used in that
study has some assumptions that probably do not apply to this system,
such as an equilibrium between allele gain and allele loss, the real
connectedness of this system is unknown (Hart & Marko, 2010).
Because of this uncertainty it is unknown whether mud snails will react
to the different predators within their range the same way.
Mud snails have a complex life cycle. They lay benthic egg
capsules containing a variable number of eggs. These eggs then
develop in the capsule into veliger larvae which hatch out and enter the
water column. There they are and are free swimming and feeding for a
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few weeks before metamorphosing into juveniles and settling on the
benthos. From there they grow into adult mud snails. Mud snails lay
egg capsules on almost any solid surface, including algae and sea
grasses (Brenchley, 1981). Green crabs (C. maenas) and hermit crabs
(Pagurus longicarpus) are known predators of their egg capsules
(Brenchley, 1982). Green crabs are known to eat adult snails as well,
though they primarily eat smaller individuals, which are easier for the
crab to prey upon (Ashkenas & Atema, 1978). Mud snails respond to
chemical cues, which are very common in marine systems (Kats & Dill,
1998). For example, when presented with the chemical cues of
predators mud snails react in alarm, which consists of avoidance,
through either moving away or withdrawing into the shell (Rahman et
al, 2000). /. obsoleta also reacts in alarm to crushed conspecifics, by
either burying themselves or moving away from the stimulus (Atema &
Burd, 1975). It has been shown that other species of snails change
their behavior and experience reduced growth when exposed to
predators (Yamada et al, 1998). While reproductive plasticity has not
yet been described in I. obsoleta, it has recently been described in
other species of marine snails (Miner et al, 2010).
Issues of invasive species and phenotypic plasticity come
together on the coast of Maine. The two widespread invasive crabs are
already having an impact on native species. Mud snails are a good
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model organism for studying developmental plasticity; they glue down
discrete, transparent capsules that are easy to manipulate and
measure. Mud snails are wide spread and a known food source for one
of the invasive species. Therefore they are a good species to use to
investigate how the invasive crabs may be impacting native species.

My first set of experiments were to determine how mud snails
respond to local predators they are familiar with and novel predators
that they have never been exposed to before. These experiments were
performed twice, once in the spring of 2011 and once in the spring of
2012. In 2011 it was carried out with blue crabs (CaUinectes sapidus),
green crabs (Carcinus maenas), and sea urchins (Lytechinus
variegatus). The same experiment was run again in 2012, with the sea
urchin treatment being replaced by a brittle star treatment
(Ophioderma brevispinum). It was predicted that I. obsoleta would only
react plastically to the local predators and not react to the predators
that they had never been exposed to. This was the predicted outcome
because it is unlikely that mud snails from Virginia and mud snails from
Maine are part of a single population. More likely they are separate
populations with individual populations having adaptations to local
predators. The predicted reproductive reaction is that more eggs would
be laid, that these eggs would be smaller, and that the time to laying
and hatching of the capsules would be reduced.
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In the course of my second experiment three questions were
asked: first, do mud snails exhibit reproductive plasticity in response to
crab predators? Secondly, if they have a reproductive response to
predators is it a blanket predator response, or are the reactions more
specialized depending on the predator? Lastly, can the time it takes for
these responses to develop be determined by comparing reactions to
predators that have been present in an environment for different
amounts of time? The experiment was carried out by exposing mud
snails to rock crabs (Cancer irroratus), hermit crabs (Pagurus
longicarpus), green crabs (Carcinus maenas), and Asian shore crabs
(Hemigrapsus sanguineus). It was predicted that the mud snails would
exhibit individualized responses to each predator, with the strongest
reaction being to the native predators (the rock crab and hermit crab),
a weaker reaction to the older invasive species (the green crab) and
the weakest reaction to the newest invasive species (the Asian shore
crab). The predicted reproductive reaction is that more eggs would be
laid, that these eggs would be smaller, and that the time to laying and
hatching of the capsules would be reduced.

Chapter 1: Reproductive Plasticity in
Response to Familiar and Unfamiliar
Predators

Materials and Methods

2011 Methods
Laboratory exposure of llyanassa obsoleta to native and
invasive predators was performed in two separate laboratory
experiments at the College of William and Mary; first using I. obsoleta
collected from Virginia and then using I. obsoleta collected from Maine.
In both of these experiments adult snails were exposed to three
different cue treatments: blue crab (Callinectes sapidus), green crab
(Carcinus maenas) or variegated sea urchin (Lytechinus variegatus).
Blue crabs are known to eat mud snails (Tagtz, 1968), and green crabs
are known egg capsule predators (Brenchley, 1982), while the sea
urchin was intended as a control for cues resulting from the production
of metabolic waste. There was also a control treatment, in which no
additional cue was introduced. The first experiment began on February
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22, 2011 and ran until April 19, 2011. The second experiment started
on April 20, 2011 and ran until June 4, 2011. The two experiments
were staggered as a result of the different reproductive seasons of the
snails in VA and ME. Snails in Virginia lay from late February to early
April and ME snails lay from late April to late July (personal
observations). The average sea surface temperature in Virginia where
the snails were collected in early February is approximately 9° C, and
the average sea surface temperature where the snails were collected
in Maine in late April is approximately 10° C (NOAA buoy data).

Animal collection and care
C. sapidus were obtained from the Virginia Institute of Marine
Science, where they were collected during yearly surveys of the
Chesapeake Bay. The collected crabs were kept in a flow through sea
water tank (approximately 12° C and 20 psu) until they were picked up.
They were brought to the College of William and Mary by car. For the
30 minute drive they were kept in a bucket with a sheet of burlap that
had been dipped in sea water. To adjust the blue crabs to a
recirculating seawater environment they were placed in chilled artificial
seawater at a temperature of 9.5°C and a salinity of 20 psu. The water
was allowed to gradually warm up to room temperature (~23° C) and
then the salinity was increased by two psu per day until the target
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salinity of 32 psu was reached. Blue crabs were collected from VIMS
three times due to crab mortality over the course of the experiment.
C. maenas were collected from the shoreline in front of Bowdoin
College’s Coastal Studies Center on Orr's Island, Maine (N 47° 47' 23",
W 69° 57' 33") and shipped overnight to the College of William and
Mary. C. maenas were received in water that had been cooled down to
9.5° C and allowed to warm in the manner described above. L.
variegatus were purchased from the Carolina Biological Supply
Company, after collection by a third party off the coast of the Florida
Keys, and were shipped overnight to the College of William and Mary.
Crabs and sea urchins were weighed prior to experimentation and the
mass of each of the animals in each treatment was between 71 and
125 g.
Virginia mud snails were collected at the Cape Charles, VA
public beach (N 37° 16' 1", W -7 6 ° 1'27") on January 19, 2011 and
driven back to Williamsburg. Maine mud snails were collected
intertidally in Freeport, ME on April 19, 2011 and then shipped to the
College of William and Mary by the marine life supply company, Gulf of
Maine Inc. Upon arrival, snails were maintained at 10° C to prevent
them from laying before the experiment began. There were 20 snails in
each replicate for each treatment. Snail length ranged between 13 and
27 mm long. After being measured, snails were randomly assigned to
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the replicate containers. The lengths of the snails in each treatment
were measured before the experiment began and an ANOVA was run
to test whether there was a significant difference in snail size between
any of the treatments or any of the replicates (between groups p =
0.923, between treatments p = 0.801).
Snails were kept in 16 I plastic containers (42.4 x 27.9 x 23.4
cm) and the cue producing animals were separated from them by
suspending them in a 3 I plastic container (26.9 x 18 x 12.4 cm) that
had four openings along each side. Each opening had a diameter of 4
mm, allowing the chemical cues produced by the predators to reach
the snails (Figure 1). Panels of plastic sewing mesh (2 mm mesh
openings, 25.0 x 23.4 cm dimensions) were placed on both sides of
the container to give the snails a surface to lay on. Previous
experiments had determined that the sewing mesh was a preferred
substrate for snails to lay on. All experiments were conducted in 32
psu artificial sea water (ASW) using Instant Ocean (Aquarium Systems
Inc., Mentor, OH) dissolved in de-ionized water. During the experiment,
all animals were kept at room temperature (approximately 23° C). Each
container was continuously aerated throughout the course of the
experiment. W ater changes were performed every other day; half the
water was poured out and replaced with new ASW. Feeding was also
carried out every other day: crabs were fed approximately 2 g of
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shrimp and the snails were fed approximately 0.5 g of shrimp. Urchins
were fed approximately 0.33 g offish flakes.

Data Collection
Ten capsules were taken from each replicate and capsule
length, width, and spine length were measured at 100x magnification
using a compound microscope fitted with an ocular micrometer (Figure
2 ).
Capsules that were freshly laid were also removed so that egg
diameter could be measured. Ten eggs from each capsule were
measured from a photo taken of the capsule. Photos were taken with a
Zeiss Axiocam microscope and camera attached to a computer.
Photos were then analyzed with Axiovision software. The number of
eggs in each capsule was measured by cutting the capsule open with
a razor blade and removing the eggs so that they could be counted.
The total number of capsules for each treatment was counted daily
once laying started, and the number that hatched was noted once
embryos started hatching. Hatching occurred synchronously within a
capsule and empty capsules were counted each day as the number
from which embryos hatched. From these daily counts the time to 50%
of the capsules being laid and the time to 50% of the capsules
hatching were calculated, along with the time between laying and
hatching.
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At the end of the experiment all of the snails were crushed to
determine their sex. Once the snail shell was crushed with a vise the
gonad was observed, and sex was determined by color: males have
orange gonads, while females have cream colored gonads (Sastry,
1971). Using the sex ratio information and the total number of capsules
laid, an estimate of the number of egg capsules laid per female was
determined.

Statistics
SPSS version 17 was used for all analyses. KomolgorovSmirnov normality tests were run prior to analysis to assess normality.
If the data were normally distributed then an ANOVA test was run, with
a Tukey test run for post hoc analysis. If the data were not normally
distributed then a non-parametric Kruskal-Wallis test was run. Any post
hoc differences from these tests were determined by running a series
of Mann W hitney U tests. One of the control replicates was a
consistent outlier with regards to capsule number and the time
measurements, so for those analyses that replicate was removed.

2012 Methods
In the spring of 2012 the above experiments were run again with
a few modifications. First, the number of replicates was increased, with
nine replicates for each treatment instead of three. Second, the
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metabolic control was changed to the serpent star (Ophioderma
brevispinum). This was done because the previous metabolic control,
the variegated sea urchin, was actually an egg capsule predator.
Serpent stars were chosen because they were not egg capsule or snail
predators, but they could be fed the same food as every other
predator. The blue crabs and green crabs were collected in the same
places as the year before, and the serpent stars were collected in
approximately same place the sea urchins were collected the year
before (because collection occurred through a third party, exact locality
information is unavailable). Mud snails from Virginia were again
collected at the Cape Charles Public Beach on February 23, 2012,
while the mud snails from Maine were collected at Bowdoin College’s
Coastal Studies Center (CSC: N 47° 47' 23” , W -69° 57' 33") on April
19, 2012 and shipped overnight to the College of William and Mary.
The CSC is approximately 10 miles from the collection location of the
mud snails in the 2011 experiment. Each experimental unit was one
box (32.6 cm long, 19.8 cm wide, 11.1 cm deep) with a divider made of
hard plastic mesh and a pliant quilting mesh in the center that allowed
for the predator cue to pass through and provided a surface for the
snails to lay egg capsules on. Box maintenance was identical to the
2011 experiment. All of the cue-producing predators were fed an equal
amount of shrimp every other day (approximately 0.30 g) and the
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snails were also fed an equal amount of shrimp at the same time. This
was different from the previous year, where one predator was fed fish
flakes instead of shrimp and the nature offish flakes may have been
an additional cue for the snails. All the predators getting the same
amount of food so they would, theoretically, would produce the same
amount of metabolic waste. The same amount of shrimp was also
placed in the control treatments where it was left for 1 min and then
removed. This was done to provide as much shrimp cue as the other
treatments got before the predators ate the shrimp. All of the
containers were kept in a temperature controlled room, which kept the
water at 25° C throughout both experiments. To avoid any potential
effect produced by the location of the experimental boxes in the room
they were rotated through the racks on which they sat every day. Data
collection was carried out the same way as in 2011, as was data
analysis.
While egg diameter was intended to be measured as it was in
the 2011 experiment there was an error the photomicrography. A
setting in the Axiovision program was changed so that automatic
scaling was turned off. The changing of this setting was not noticed
while any of the pictures were being taken, so scaled measurements
were not taken. Unfortunately, this meant that egg diameter wasn’t
measured and analyzed in either of the 2012 experiments.
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2011 Results
Virginia llyanassa obsoleta
Capsule length was the only variable in the Virginia snail
experiment that showed a significant difference. When the sea urchin
control was still included in the statistical analysis there was a
significant difference in the length of the egg capsules (p < 0.05) (Table
1 & 3). A post-hoc Tukey test (Table 2) revealed that the blue crab
treatment was different from the green crab and control treatments (p <
0.05).
There was no significant difference in the average number of
egg capsules laid per female (Figure 3). There was also no significant
difference in the time to one half of the egg capsules being laid (Figure
4), the time to one half of the egg capsules hatching (Figure 5) and the
time between one half of the capsules being laid and one half of the
capsules being hatched (Figure 6). There was also no significant
difference between the average egg number per capsule (Figure 7) or
the average diameter of the eggs themselves (Figure 8).
Two of the capsule morphology measurements were not
significantly different either: capsule width (Figure 9) and the spine
length (Figure 10). However, the average length of the egg capsules
(Figure 11) did have a significant difference between the treatments.
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The snails in the blue crab treatment laid egg capsules that were
longer than the egg capsules laid by the snails in the green crab
treatment and the control treatment.
After the experiment was concluded it was discovered that sea
urchins were not a good metabolic control since they readily eat egg
capsules. Therefore, the same statistical analyses were run without
including the urchin data to see if that impacted any of the significance.
Once again, there was a significant difference in the length of the egg
capsules (p < 0.05), but there was also a difference in the egg capsule
width (p < 0.05) (Table 4 & 5). Again, the post hoc Tukey test on the
egg capsule length showed that the difference was between the blue
crab treatment and the green crab and control treatments (Table 6).
Since the egg capsule width was non-parametric a Mann W hitney U
test was run to determine where the significance was (Table 7). There
was no difference discernible with the sample size that this experiment
had.
During the analysis one of the data one of the control replicates
was found to be an outlier in the capsule totals and the time
measurements, so it was removed and the tests were run again on the
impacted variables (Table 8 & 9). There was a significant difference
found in the time between

1/2

laying and 1/4 hatching and the time to

>2

hatching (p < 0.05). Post hoc tests revealed that in the time between V2
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laying and 1/4 hatching was significantly different between the blue crab
treatment and the green crab and control treatments (Table 10) and
that the difference in time to 1/4 hatching was not discernible with this
sample size (Table 11). The snails in the blue crab treatment took a
longer time to lay one half of their capsules than both the snails in the
green crab treatment and the snails in the control treatment (Figure 6).

Maine llyanassa obsoleta
The same comparisons were run between the variables with the
data collected from the Maine snails (Table 12 & 13). There was a
significant difference in the number of capsules laid per female (p <
0.05). A Mann Whitney U test was run to determine which treatments
were significantly different (Table 14). Once again, significance
between these treatments could not be determined with the sample
size used in the experiment. The averages of the treatments in every
set of variables were graphed to determine how treatments may be
statistically different (Figure 12-20). However, none of these variables
were significantly different.
Since the same sea urchins were used in the spring experiment
with the Maine snails, they were also not appropriate to use as a
metabolic control. The sea urchin data were removed and the same
analyses were run again (Table 15 & 16). This time the time to one half
of the egg capsules being laid was also significantly different, along
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with the number of capsules per female. However, what treatments
were significantly different couldn’t be determined due to the sample
size (Table 17 & 18).

2012 Results
Virginia Uyanassa obsoleta
There was no significant difference in the number of egg
capsules laid per female (Figure 21) or in the time to half the capsules
being laid (Figure 22), or hatched (Figure 23). There was a significant
difference between 50 percent of the capsules being laid and hatched
(Table 19), and a series of Mann W hitney U tests revealed that the
differences were between the blue crab and brittle star treatments and
the brittle star and control treatments (Table 20). The brittle star
treatment had a longer development time than the blue crab and
control treatments (Figure 24). However, these data may be skewed
due to some unknown factor that caused death in both the adult snails
and in many of the brittle stars, which at times led to stressful and
subpar conditions. Due to the poor conditions development was likely
slowed so development time was lengthened.
There was no significant difference found in the number of eggs
found per capsule (Figure 25).
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Capsule length was also significantly different. When the
metabolic control was removed (due to having only one sample) there
was a significant difference in capsule length (p < 0.05) (Table 21). A
post-hoc Tukey test (Table 22) revealed that the difference was
between the blue crab and green crab treatments (p < 0.05). The
green crab treatment had capsules that were longer than the capsules
in the blue crab treatment (Figure 26). None of the other morphological
measurements were significantly different (Figures 27-29).

Maine llyanassa obsoleta
There was no significant difference found in the number of egg
capsules laid per female (Figure 30) or in any of the time
measurements taken (Figures 31-33). There was also no difference in
the number of eggs per capsule (Figure 34).
Capsule length, spine length, and the spine length to capsule
length ratio were the variables that showed a significant difference (p <
0.05) (Table 23). A post-hoc Tukey test was run on these variables,
and it showed that capsule length was significantly different between
the blue crab and control treatments (Table 24), and both spine length
(Table 25) and the spine length to capsule length ratio (Table 26) were
significantly different the blue crab and green crab treatments and the
green crab and brittle star treatments (p < 0.05). When the averages
were visualized it was shown that the egg capsule length was greater
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in the blue crab treatment than it was in the control treatment (Figure
35). When the means of spine length and the spine length to capsule
length ratio were graphed it was revealed that the blue crab treatment
has capsules with longer spines than the green crab treatment, and
that the brittle star treatment had longer spines and a greater ratio than
the green crab treatment (Figures 36 & 37). There was no significant
difference in capsule width (Figure 38).

Discussion
My original predictions for this set of experiments were that mud
snails would react plastically to the “familiar” predator they were
exposed to, and would not react to the unfamiliar predator or the
metabolic control. I also predicted that animals would respond by
laying more eggs, that these eggs would be smaller in size, and that
the time to laying and hatching of the eggs would be reduced. These
predictions were made because these responses would help the
developing snails to get off of the benthos and away from predators.
In the 2011 experiments there were significant differences seen
in the responses of the Virginia mud snails to blue crabs. The egg
capsules in the blue crab treatment were significantly longer than the
capsules laid in the green crab and control treatments. Additionally, it
took longer for half of the egg capsules in the blue crab treatment to
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hatch than the capsules in the green crab and control treatments. The
only reactions that were significantly different from the controls in this
experiment were in response to blue crab cue. This result supports my
original prediction that snails respond to the predator they have the
greatest experience with.
In the 2011 experiments using snails from Maine there were no
significant differences. This result ran counter to my prediction that the
mud snails would respond plastically to predators that they have been
exposed to for a longer period.
In the 2012 experiment involving Virginia mud snails there were
significant differences in development time and egg capsule length.
The egg capsules in the brittle star treatment had longer development
times than the blue crab or control treatments. Egg capsules in the
green crab treatment were longer than capsules in the blue crab
treatment. This ran counter to my original predictions, as it was
expected that there would be no reaction to the metabolic control and
that snails would react to the predator that they were familiar with (blue
crabs) over the one they had limited to no interactions with (green
crabs).
Finally, in the 2012 Maine snail experiment there were
significant differences in egg capsule length, spine length, and the ratio
between spine length and capsule length. Egg capsules laid in the blue
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crab treatment were longer than egg capsules laid in the control
treatment. For both spine length and the ratio between spine length
and capsule length, the egg capsules from the green crab treatment
had shorter spines and a smaller ratio than the capsules in the blue
crab and brittle star treatments. The capsule length result ran counter
to my original prediction because the mud snails reacted most strongly
to the predator they theoretically had never encountered before (blue
crab). While both the spine length and the ratio of spine length to
capsule length were significantly different in the green crab treatment
they were smaller rather than longer, which was the opposite reaction
than what was predicted.
In two of four of the experiments run the snails reacted most
strongly to unfamiliar predators rather than familiar ones. There are
several explanations for this observation. In both experiments involving
Maine snails, the strongest response (if there was one) was not to
green crab cue. While green crabs are known to be voracious
predators on mud snail egg capsules (Brenchley, 1982) there was no
response of any kind seen. It is possible that while green crabs have
been present in Maine for about a century, mud snails have not yet
developed a defensive response. It is also possible that the
assumption that blue crabs and green crabs represented “unfamiliar”
predators may be erroneous. The snails could instead be reacting to
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rare but encountered predators. For example, Virginia has been
considered the southernmost habitat for green crabs since 1984
(Williams, 1984), and while there is some evidence that high blue crab
populations keep green crabs out of Chesapeake Bay (DeRivera,
2005) it is still possible that mud snails are reacting to this new threat.
Plastic defensive responses can rise quickly in response to invasive
predators, as is the case with blue mussels reacting to Asian shore
crabs (Freeman & Byers, 2006). Similarly, blue crabs are occasionally
seen in the Gulf of Maine (World Register of Marine Species) so a
reaction to blue crab cue could be an actual defensive response. A
previous study put forward the idea that despite the wide geographic
range of mud snails high levels of gene flow have prevented genetic
differentiation and all East Coast I. obsoleta are considered a single
population (Diaz-Ferguson et al, 2010). However, since the statistical
test used in that study has some assumptions that probably do not
apply to this system, such as an equilibrium between new alleles
produced by mutation and the loss of old alleles due to genetic drift or
migration, the real connectedness of this system is unknown (Hart &
Marko, 2010).
It is possible that some of the morphological traits I looked at
were not independent and a multivariate analysis could have revealed
linked traits changing together that individual analyses could not. Traits
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such as the capsule morphology or egg size and time measurements
likely had impacts on one another and would change together.
Therefore sets of traits changing might have been statistically
significant in a way that single traits examined alone would not be.
Another connection that could be examined through multivariate
analyses would be looking at the reproductive traits with regards to
how long the snails had been exposed to the predator cue. Time of
exposure could be very important to how a snail reacts, with eggs laid
before a certain point of exposure not being equipped with defenses. A
multivariate analysis of the variables and the time of exposure could
show significant relationships that this experiment did not see. For
example, a PCA (Principal Components Analysis) could be used to
simplify and clarify the relationships between variables. PCA is often
used to make models for systems and can find correlation structure
within the variables (Wold, 1987).
Genetic assimilation may be an alternative explanation for the
lack of reaction to familiar predators seen in some of these
experiments. Genetic assimilation is when a plastic reaction is
permanently “turned on” and no longer needs the original cue to be
present to be expressed (Pigliucci et al, 2006). If a plastic reaction is
regularly selected for then that reaction can become fixed through
changing the shape of the reaction norm, either through genetic drift or
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because of the costs associated with maintaining the potential for
plasticity (Pigliucci et at, 2006). This would explain the lack of reaction
to the familiar specie cue -predation dangers from the familiar species
may be prevalent enough that the plastic reaction has become fixed
and will be expressed whether those predators are present or not.
The most parsimonious explanation for my results may be that
there is no developmental plasticity in this system. Mud snails may not
have a predator-induced defensive response related to reproduction.
Mud snails themselves are very successful, so having a plastic
response may not make energetic sense. Maintaining plasticity has a
related energetic cost, so if a population is successful without having
high amounts of variability then having a plastic response may be a
waste of energy. If predation on egg capsules doesn’t impact the
population then the snails will not have developed a defense for it.
Nonadaptive plasticity is also common because the chemical
systems within any organism will react to changing conditions that they
are not buffered against no matter what (Stearns, 1989). The variation
offered by phenotypic plasticity is important in novel environments,
where it can determine whether an organism will survive or not
(Agrawal, 2001). Since it is unknown how far the veliger larvae of mud
snails can disperse the likelihood of encountering a significantly
different environment is unknown, but if the chance is low then
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plasticity would not be needed for the newly settled snails to establish
themselves. If the environment is similar enough to the parents’
environment then variation in traits is not needed to survive.
A lack of defensive plasticity could mean that there is lower
variation within the population when it comes to the variables I
measured. Plasticity can be an important way for new evolutionarily
directions to arise (West-Eberhard, 1989). Plasticity allows for more
favorable variants to arise than a non-plastic system does. This holds
more true for behavior than for morphology, due to behavior (by its
nature) being quicker to change than morphology (West-Eberhard,
1989). The differences offered by plasticity can lead to divergence in
populations, and potentially speciation (West-Eberhard, 1989; Agrawal,
2001). The lack of plasticity could indicate an overall lack of variation in
the trait. The plasticity of a trait can be charted with a reaction norm,
which is variation over a gradient in the environment (Stearns, 1989). If
the reaction norm is just a straight line then the phenotype produced by
the genotype is the same no matter what the environment is like. This
means that overall variation is low. If there is low variation in
developmental traits then they will be slow to evolve through evolution.
In fact, much of variation in a population arises through developmental
processes (Stearns, 1989) so evolution of traits not relating to
development could also be slowed. This could, again, have to do with
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the success seen in mud snails: they are wide ranging and incredibly
abundant and if they have this success without much variation in
developmental and reproduction factors then variation may not arise
because it doesn’t need to. However, it is unknown whether this is the
case in mud snails. In fact, some organisms have been shown to have
plasticity acting as a partial balance against low genetic variation
(Huenneke, 1991).

Reactions Seen
Changes in capsule morphology could have a variety of impacts
on predation and development of the capsules and the eggs inside. So
long as the other capsule dimensions are not reduced an increase in
capsule length would lead to an increase in volume of the capsule. A
larger egg capsule may help facilitate longer development times, which
were also seen in this experiment. If a longer time is taken to develop,
the larvae themselves may grow to a larger size. For example,
salamander eggs exposed to a predator cue delay hatching so that
further development to larger sizes can occur (Moore et al, 1996).
However, it has been shown in another species of marine snail that a
delay in hatching did not lead to a significant increase in size for the
larval snails (Miner et al, 2010). It is possible that larger patches of egg
capsules would make overall feeding by crabs more difficult. An
increase of capsule volume could lead to an increase in capsule patch
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size through the greater individual capsule size. An experiment with
the dog whelk, Nucella lapillus showed that the clustering of egg
capsules reduced predation to a large degree (White & Allen,
unpublished data), so larger clusters of capsules could increase the
effect. Having larger groupings could also defend against other
environmental dangers of intertidal development like desiccation (Clark
& Faeth, 1998).
There was also a difference seen in spine length and the ratio of
spine length to capsule length. However, instead of the spines
increasing in length they became smaller. The spines at the top of mud
snail egg capsules are thought to be a defensive fixture. Green crabs
have been observed to eat egg capsules by attacking the base of the
capsule, bypassing the spine at the top entirely (Schwab, unpublished
data). It is possible that this is how green crabs feed in the wild, so
increasing the spine length would not be a useful defensive reaction,
which would explain why the predicted change did not occur. However,
in the same study hermit crabs were effectively deterred by longer
capsule spines and fed selectively on shorter spined capsules, so it
appears that longer spines are an effective defense, at least against
some predators. It is possible that the reaction was not to green crabs
but was a lengthening in response to the blue crab and brittle star
cues, which could again be a response to rare predators (in the case of
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blue crabs) or to a wide group that contains some prevalent predators
(in the case of the brittle stars).
Increased development time means that either blue crab cue
slows overall larval development or that veliger larvae develop fully but
then are held in the capsule for a longer period of time. A study of
anuran amphibian eggs and tadpoles exposed to egg and larval
predators showed that there is some evidence that presence of larval
predators cause a delay of hatching (Laurila et al, 2002). Delaying
metamorphosis in the slipper snails, Crepidula fornicate, showed that
there was no detriment to juvenile fitness in the first few weeks
(Pechenik & Eyster, 1989), so the potential delay in metamorphosis
may not be harmful to the snail larvae.
A similar result of predator cues delaying hatching has been
shown in the whelk Nucella lamellosa (Miner et al, 2010). The crabs
used in the experiment, Hemigrapsus oregonensis, delayed hatching
by 3.4 days, and when the crab cue was paired with the cue from an
isopod, (Idotea spp) the hatching delay was almost doubled. This
makes sense for a species with direct development, like in Nucella.
Direct development is when the eggs develop into juvenile snails and
hatch out in that state. Direct development means the young snails do
not disperse the way a snail with a veliger stage would. Therefore,
delaying hatching might be a more useful response in a species with
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direct development - the snails that hatch out are going to have to
grow up in the same environment that the egg capsules were laid in. It
has been shown that both plants and animals that are exposed to a
predator produce offspring that are better defended against that
predator (Agrawal et al, 1999).
It is likely that the increased development time was not due to
the cue from the brittle stars but was a product of the environment that
a mixture of dead brittle stars and dead mud snails produced.
Decaying animals lead to a subpar environment, which can lead to
slower development times, or eggs not developing at all. While mud
snails are detritivores the increased snail mortality is a likely indicator
that the dead brittle stars were not a positive cue. It is also possible
that any reaction to brittle stars is because mud snails have a
generalized defense response to echinoderms. Many asteroid species
are common gastropod predators (Peterson, 1979; Allen, personal
observation; Luckenback, personal observation) and snails across
many genera react even if there is only a chemical cue (Bullock, 1953).
Sea stars may be a prolific enough predator that the snails have a
blanket response to any echinoderms. This would also account for the
strong reaction to sea urchins seen in the first experiment of 2011.
It is possible that any of the reactions seen in all four
experiments could be non-adaptive reactions. Non-adaptive plasticity
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is very common, especially in response to unusual stressors
(Ghalambor et al, 2007). While mud snails share habitat with blue
crabs, green crabs, and the two metabolic controls at various points in
their range it is possible that closeness and duration of the cue
experienced in the experiment is not a natural condition and would
count as an unusual stressor. In the wild mud snails do not just smell
the cues of one animal but of many at once. And while a predator
(such as the crabs used in these experiments) may be close to them
they can remove themselves from that environment in the wild. In the
lab the snails cannot get away and are constantly inundated with the
cue of one animal. W hether the lab environment is an unusual stressor
for the snail is unknown.
The biggest error present in both experiments was the
metabolic control. In the first experiment the metabolic control turned
out to be a predator on egg capsules, a behavior that was previously
undocumented. Since urchins appeared to be voracious predators they
did not fulfill their original purpose, so the mud snails’ reaction to
metabolic waste from something other than a predator wasn’t
measured. Compounded with the urchins’ predatory nature was how
the urchins were fed: fish flakes were used as the urchins’ food source,
which could travel between the experimental animal enclosure and the
snail enclosure. There was a marked increase in the number of egg
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capsules laid in the sea urchin treatments in this experiment, though
whether that is due to the urchins themselves or the food cue cannot
be teased out from the available data. In the second experiment brittle
stars were used and they do not appear to be predators on either mud
snails or their egg capsules. However, there were high levels of brittle
star mortality throughout both experiments that led to stressful
environments for the snails and failed to produce the appropriate
metabolic cue. Using a different animal as a metabolic control would
possibly fix this problem. Sea anemones could be useful as a
metabolic control.
Another problem found in the experiment run in 2011 was
ambient conditions in the room. The experiment was carried out in a
lab setting, but this lab was not temperature controlled and the
experimental boxes were not rotated to compensate for some of the
boxes being closer to the window than others. Therefore there was
likely a day to day temperature gradient in the experimental set up, and
temperature changed throughout the entire experiment. To fix this the
experiments in 2012 were run in a temperature controlled room and
the boxes were rotated every day. However, this room had its own
problems, with the greatest one being the lack of natural light. The time
the snails were most active in laying capsules was different from
previous experiments. Even after lights on timers were introduced to
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the room the laying pattern did not return to the previous norm. It is
possible this lack of natural light impacted other developmental factors
as well.
An unavoidable problem with the experiment was how the
animals were kept in boxes. While water was changed every other day
this set up was still more stagnant then the natural environment of any
of these animals. It is possible that this condition is what led to some of
the animal mortality seen in the 2012 experiment. The way to get
around this would be a flow through sea water system, but no system
was readily available. Rerunning the experiment in a flow through
environment may yield results that are closer to what is found in the
wild.
One thing that could explain the difference between 2011 and
2012 is the sizes of the boxes. In 2011 the boxes were 3.86 times
larger than the boxes used in 2012, which would impact the
concentration of the predator cue. The cue would be much more
concentrated in 2012 because of the smaller volume of water. It is
possible that there is a threshold of cue necessary for a response to be
turned on, and that that threshold was not reached in 2011 due to the
reduced concentration. The amount of alarm cue can be an important
factor in determining how strong an alarm reaction an animal has
(Brown et al, 2009), so the same may hold true for predator cues.
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Higher cue concentration is thought to indicate higher predation risk
(Ferrari et al, 2010). It has been shown in tadpoles that the intensity of
response was different depending on the concentration of the predator
cue (Schoeppner & Relyea, 2008). Daphnia have also been shown to
have significantly different plastic reactions depending on the cue
concentration they were exposed to (Hammill et al, 2008).
Results of these experiments show that developmentally plastic
reactions in mud snails are likely more complicated than thought at the
outset. The relationship between invasive species and developmental
plasticity is not entirely clear. Understanding the long ranging impacts
of invasive species and whether native species can develop effective
defenses is still worthy of investigation.

Chapter 2: Reproductive Plasticity in
Response to Native and Invasive
Species

Materials and Methods
The predator exposure experiment took place in flow through
seawater tables in the marine laboratory of Bowdoin College on Orr’s
Island, Maine. Only llyanassa obsoleta collected on a mud flat on Orr’s
Island were used. The experiment was begun on June 17, 2011 and
ran until August 4, 2011. The snails were exposed to six different cue
treatments: the rock crab (Cancer irroratus), the hermit crab (Pagurus
longicarpus), the green crab (Carcinus maenas), the Asian shore crab
(Hemigrapsus sanguineus), the green sea urchin (Strongylocentrotus
droebachiensis) as a metabolic control and sea water without any
additional treatment was as an additional control. The sea urchin was
used to insure that the snails are not just reacting to metabolic wastes
of any animal, regardless of species. The water used in this
experiment was pumped into the lab from the nearby shore, filtered
through a 250 pm mesh and distributed to all the experimental
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containers with a bucket and tubing rig. The bucket had sea water
pumped into it and had had 30 holes drilled in it, with a piece of tubing
in each that ran into one of the experimental containers.

Animal Collection and Care
All of the treatment animals were collected from the intertidal
zone around the marine lab where the experiment was carried out,
including the shoreline by Bowdoin College’s Coastal Studies Center
(N 47° 47' 23", W -69° 57' 33"), Cedar Beach (N 43° 44' 14", W -69° 59'
22"), and Basin Point (N 43° 48' 40", W -69° 51' 47"). The mud snails,
green crabs, and Asian shore crabs were collected from the Coastal
Studies Center, the rock crabs were collected at Cedar Beach, and the
green urchins were collected at Basin Point. The treatment animals
were weighed so that predator mass would be approximately equal
between replicates (approximately 27 to 37 g). All of the predators
were fed a blue mussel (Mytulis edulis) every four days. The snails
were fed the same amount at the same time. If a predator died it was
replaced the same day. There were 20 snails in each treatment and
there were five replicates of each treatment. Once again the length of
the snails measured and an ANOVA was run to ensure that the size of
the snails between treatments was not significantly different. Snail
length was kept between 19 and 21 millimeters and the snails were
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randomly assigned to treatments and replicate containers within
treatments.

Experimental Protocol
The snails were placed in two liter plastic containers (26.9 x
12.4 x 14 cm), and were separated from each of the four predators by
a plastic sewing mesh (2 cm mesh, 12.4 x 14 cm panel size) that the
snails were able to lay on (Figure 1). Each container had its own tube
from the bucket and tube water set up, so each container had its own
water supply. Flow rates were measured for each tube. The rates
varied from six minutes for one liter to flow through to one minute 20
seconds for one liter to flow through. The individual containers were
moved clockwise in a conveyer belt fashion within the sea table every
day to ensure that the location in the sea table and differences in flow
rate didn’t impact the results.
The same reproductive measures that were measured in the
spring experiments were recorded. For each replicate, 30 capsules
were selected haphazardly for measurements of length, width, and
spine length of the capsules (Figure 2). In addition to the previously
described measurements ten capsules in each treatment that were on
the verge of hatching were isolated and allowed to hatch. The larvae
were then fixed with 70% ethanol and taken back to Virginia, where the
length across the shell was measured so as to determine the size of
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the larvae at hatching (Figure 3). A compound microscope was used,
with measurements taken at 100x magnification.

Statistics
To determine if there was a statistically significant difference
between the reproductive reactions of I. obsolete to the four predators,
Komolgorov-Smirnov normality tests were run on all of the data. If the
data were normally distributed then a one way ANOVA and a post hoc
Tukey test were run. If the data were not normally distributed then a
Kruskal-Wallis test was run. Three series of tests were run. First,
comparisons were run to determine if there was any statistical
difference between all of the test predators. Second, the two native
species were combined and analyzed as one treatment and
comparisons were run between this “native” treatment and the two
invasive predators. Lastly, both the native species and the invasive
species were combined and treated as a “native” treatment and an
“invasive” treatment and the same statistical comparisons were run.
SPSS version 17 was used for all statistical analyses.

Results
In the first case, when all the predators were considered
individually, there were no significant differences between any of the
six treatments (Table 1 & 2). Figures 4, 5, and 6 show the means for
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larval size (measured as shell length), egg diameter, and number of
eggs per capsule. None of these variables showed any significant
difference between any of the predator treatments and the two
controls. Figures 7 show the mean for the number of capsules laid per
female, which was estimated by taking the total number of capsules in
a replicate and dividing that by the number of females in the replicate.
There was no significant difference seen in either of these variables.
Figures 8, 9, 10, and 11 show the means of the egg capsule
morphometries: capsule length, capsule width, capsule spine length,
and the ratio of spine length to capsule length. The ratio of spine length
to capsule length was calculated to ensure that there was not a trend
masked by natural capsule size variation. There were no differences
between the means of any of these variables. The days from the
beginning of the experiment to half of the total capsules being laid was
considered time to half laying. The time from the beginning of the
experiment to half of the total capsules being hatched was considered
time to half hatching. The time between one half laying and one half
hatching was calculated to estimate average development time. There
was no significant difference between any of treatments in the laying,
hatching, or development time. The means of the time measurements
taken are shown in Figures 12, 13, and 14.
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A previous experiment showed that some species of sea
urchins that were thought to be a good metabolic control were actually
voracious predators on mud snail egg capsules (Hoolihan Chapter 1).
While a feeding experiment was not performed with the sea urchins
used in Maine, it was assumed that they were also not an appropriate
metabolic control. Therefore the sea urchin data were removed and the
same analyses were run again (Table 3 & 4). There was no significant
difference between any of the remaining treatments.
The second series of comparisons involved combining the
hermit crab data and rock crab data into one larger group considered
“natives.” After combining those treatments the analyses were run
again, with the sea urchin data still being left out of the analysis (Table
5 & 6). There were no significant differences between the treatments.
Finally, along with a “natives” treatment and removing the sea
urchins, the green crab treatment and the Asian shore crab treatment
were combined into an “invasives” treatment. Then the mean
comparisons were run again (Table 7 & 8). There was still no
significant difference in any of the treatments.

Discussion
I did not find a plastic response of mud snail reproduction or
development in response to either native predators or invasive
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predators. There was also no difference between reactions to the
native and invasive predators when all the treatments were pooled as
broad categories of natives or invasives. This ran counter to my
original predictions, which were that mud snails would exhibit
individualized responses to each predator, with the strongest reaction
in response to the native predators (the rock crab and hermit crab), a
weaker response to the older invasive species (the green crab) and the
weakest response to the newest invasive species (the Asian shore
crab). This is a surprising result since hermit crabs and green crabs
are known egg capsule predators and rock crabs and Asian shore
crabs are known mollusk predators.
There has been evidence of other snail species not responding
plastically to recently introduced predators (Edgell & Neufeld, 2008).
Carcinus maenas is also an invasive species on the west coast of
North America, though for approximately 15 years instead of over 100
on the east coast. The snail Nucella lamellosa exhibits defensive
plasticity (shell thickening) in response to a native predator (the red
rock crab Cancer productus) and does not do so in response to C.
maenas (Edgell & Neufeld, 2008). This result is opposite of the
emergence of shell thickening in Mytulis edulis in response to
Hemigrapsus sanguineus in Maine after only 15 years of exposure
(Freeman & Byers 2006). It is still possible that mud snails have not yet
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adapted a response to invasive predators. It is also possible that the
mud snails didn’t react to the Asian shore crabs because Asian shore
crabs don’t prey on them. Asian shore crabs are known omnivores that
prefer animals to algae (Brousseau & Baglivo, 2005), that readily feed
on bivalves, notably Mytilus edulis (Brousseau et al, 2001). H.
sanguineus presence has also been shown to reduce foraging on M.
edulis by C. maenas (Griffen et al, 2008), which could mean that the
blue mussel is their preferred prey in the wild. Whether H. sanguineus
feeds on mud snails or their egg capsules is unknown.
One thing that needs to be considered is the size of the snails
themselves. Green crabs have been shown to prey preferentially on
smaller mud snails (Ashkenas & Atema, 1978) and other species of
crab show the same preference (Santoni et al, unpublished
manuscript). A series of experiments similar to mine were run by
Schwab in 2010 and 2011, where snail size was found to be an
important factor (Schwab and Allen, unpublished data). In the course
of his experiments Schwab found a number of significant differences
relating to the size of the snails. Large snails laid more capsules that
were often larger. However, some reactions, including spine length
were significantly larger in small snails. The snails used in my
experiment were the size range between his large and small snails
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(19-21 mm). It is possible that smaller snails are under more predation
pressures and therefore are more likely to have plastic responses.
One major problem with this experiment was that I was not
really measuring plasticity. Plasticity is the ability of one genotype to
produce multiple phenotypes and my design did not have just one
genotype. The number of genotypes per treatment was variable in and
of itself, as the number of females varied from replicate to replicate.
Many studies that are phenotypic plasticity studies suffer from similar
limitations (Bordeau, 2010; Salice & Plautz, 2011; Hoverman & Relyea,
2009; Padilla, 1998; Trussell & Smith, 2000 and Selden et al, 2009
among others). To truly measure plasticity you would need to be able
to get snails with the same genotype, probably through
parthenogenesis. While parthenogenesis hasn’t been seen in
llyanassa obsoleta it has been seen in other species of snail, so it may
be possible. This would allow true plasticity to be measured.
One avenue of potential future research would be to test
whether adult I. obsoleta exhibit defensive or morphological plasticity in
response to the same predators, as it could help explain the lack of
reproductive or developmental response. I. obsoleta has been shown
to have plasticity in shell morphology in response to the blue crab
(Callinectes sapidus) which is a native predator (Santoni et al, 2012). If
the Maine I. obsoleta exhibit the same sort of predator response it is
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possible that reproduction in general would be reduced or otherwise
impacted, as it has been shown that defensive plasticity can have
negative consequences for other aspects of a snail’s life (DeWitt,
1998). Some defensive responses snail exhibit, like predator
avoidance, can lead to lower fecundity (Langerhans & DeWitt, 2002).
This trade off may help explain why no reproductive differences were
seen in my experiment.
One issue that could have contributed to the lack of significant
results was the small number of replicates. There were only five
replicates for each treatment, a relatively small sample. Small sample
sizes can lead to not detecting differences between treatments (i.e.
Type II errors). A sample size that low could lead to some of the almost
significant results seen in this experiment. For example, the P-value for
time to half of the capsules being laid was 0.069, which is just shy of
being statistically significant. Running a power analysis (Erdfelder et al,
2007) showed that this test had very low power (0.28), due to the small
sample size. Low power means that a failure to reject the null
hypothesis becomes more common, which is why a significant
difference wouldn’t be seen. A larger sample size could provide
enough data that that difference is made distinct. Some variables, like
the number of egg capsules laid per female, seemed like they could be
biologically significant even though they are not statistically significant.
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A difference of 50 egg capsules per female could mean that mud snails
suppress laying in response to the two invasive predators, but the
statistical tests do not hold this up. More replicates could lead to
seeing a statistically significant difference.
Another potential issue could be one of signals. With the flow
through seawater used in this experiment the water was not free of
ambient signals. The snails for each treatment did not just smell their
treatment predator but a whole host of chemical cues, including the
crabs that were acting as other treatments. While they were getting the
most intense cue from their assigned treatment they could have also
been reacting to these other cues. A number of experiments that found
plasticity in snails found it when the snails were only exposed to the
predators of interest, sometimes in recirculating aquaria (Salice &
Plautz, 2011; Bronmark et al, 2012) and sometimes in small ponds in
common garden experiments (Hoverman & Relyea, 2009; Bronmark et
al, 2011). Plasticity in isolated aquaria has also been seen in tadpoles
(Takahara et al, 2012; Hettyey et al, 2010), fish (Kozak & Boughman,
2012), and Daphnia species (Dennis et al, 2011; Hammill &
Beckerman 2010).
However, there have been a number of experiments that found
snail plasticity in a flow-through sea water set up (Padilla, 1998;
Brookes & Rochette, 2007) and in field enclosures (Trussell & Smith,
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2000). Plasticity in an open environment has also been seen in clams
(Neo & Todd, 2011), sea urchins (Selden eta l, 2009), and dragonfly
larvae (Flenner et al, 2009). This implies that cue confusion from the
sea water might not always be a problem.
However, studies that focus on plastic reactions to multiple
predators are somewhat rare. Studies that have exposed prey to
multiple predators have found that the prey do not exhibit an
intermediate phenotypic response (Hoverman et al, 2005), instead just
defending themselves against the greater predation threat (Bourdeau,
2009; Hoverman & Relyea, 2007). Behavioral responses, on the other
hand, may be an intermediate response to both predators (Bourdeau,
2009). Even these experiments only ran trials with cues from two
predators. The snails encounter more predators than that in the wild
and may be getting cue from more than two predators in a flow-though
water set up.
It has been shown that some species of snail display
morphological plasticity only when getting a cue of the predator eating
conspecifics or of damaged conspecifics (Bordeau, 2010). Reacting
only to known predators would have a much lower cost than reacting to
every crab cue. The lack of a reproductive response seen in my
experiment could have been due to not getting the proper cue to
induce the response.
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Despite the lack of difference seen in this experiment
investigating the impacts that invasive species have on the native
populations and how those populations may defend themselves is still
vital. The impacts of invasives will continue to be a problem and
understanding how they disrupt and alter the environment they are
introduced to will be important in dealing with them.
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Appendix
C h a p te r 1

Blue Crab

Snails

Green Crab

Snails

Snails

Snails

Green Crab

Snails

Control

Snails

Green Crab

Snails

Sea Urchin

Sea Urchin

Snails

Blue Crab

Blue Crab

Snails

Control

Snails

Sea Urchin

Snails

Control

Snails

Figure 1. Experimental design for the lab-based snail exposure experiment. Each box
represents a plastic container. Each box is one replicate. Twenty snails were kept in the larger
plastic containers (42.4 x 27.9 x 23.4 cm), while the experimental treatment was suspended in
a smaller container (26.9 x 18 x 12.4 cm) within the larger one.
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Figure 2. Egg capsule morphology measurements. Length was the measure from the base o f
the egg capsule to the base o f the spines found around the opening o f the capsule. W idth was
taken at the widest point o f the egg capsule and spines were not taken into account in this
measurement. The spine measurement was taken from the base o f the longest spine to its tip.
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Figure 3. Mean +/- SE egg capsules per female in V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. BC stands for blue crab, GC
stands for green crab, SU stands for sea urchin, and C stands for control. There was no
significant difference in the treatments.
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Figure 4. Mean +/- SE number o f time to Vi o f the egg capsules laid in V irginia /. obsoleta in
the experiments comparing reactions to fam iliar and unfam iliar predators in 2011. There was
no significant difference in the treatments.
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Figure 5. Mean +/- SE number o f time to Vi o f the egg capsules hatched in V irgin ia /. obsoleta
in the experiments comparing reactions to fam iliar and unfam iliar predators in 2011. There
was no significant difference in the treatments.
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Figure 6. Mean +/- SE time between Vi laying and Vi hatching in V irginia /. obsoleta in the
experiments comparing reactions to fam iliar and unfamiliar predators in 2011. When a control
outlier was removed the snails in the blue crab treatment took longer to lay h a lf o f the
capsules than both the snails in the green crab treatment and the control treatment.
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Figure 7. Mean +/- SE number o f eggs per egg capsule in V irgin ia I. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2011. There was no
significant difference in the treatments.
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Figure 8. Mean +/- SE egg diameter in V irginia I. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2011. There was no significant difference in
the treatments.
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Figure 9. Mean +/- SE egg capsules width in Virginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. There was no significant
difference in the treatments.
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Figure 10. Mean +/- SE egg capsules spine length in V irgin ia /. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. There was no significant
difference in the treatments.
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Figure 11. Mean +/- SE egg capsule length in V irginia /. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. The length o f the capsules
in the blue crab treatment was significantly greater than the capsule length in the green crab
treatment and the control treatment.
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Figure 12. Mean +/- SE number o f egg capsules per female in Maine /. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2011. There was a
significant difference, though it could not be determined where it was at with the low sample
size.
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Figure 13. Mean +/- SE time to Vi o f the egg capsules being laid in Maine /. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2011. There was no
significant difference in the treatments.
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Figure 14. Mean +/- SE time to Vi o f the egg capsules hatched in Maine /. obsoleta in the
experiments comparing reactions to fam iliar and unfamiliar predators in 2011. There was no
significant difference in the treatments.
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Figure 15. Mean +/- SE time between X
A o f the egg capsules being laid and X
A o f the egg
capsules being hatched in Maine I. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2011. There was no significant difference in the
treatments.
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Figure 16. Mean +/- SE number o f eggs per capsules in Maine /. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 201 1. There was no significant
difference in the treatments.
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Figure 17. Mean +/- SE egg diameter in Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2011. There was no significant difference in
the treatments.
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Figure 18. Mean +/- SE egg capsule length in Maine /. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2011. There was no significant difference in
the treatments.
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Figure 19. Mean +/- SE egg capsules width in Maine I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. There was no significant
difference in the treatments.
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Figure 20. Mean +/- SE egg capsule spine length in Maine I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. There was no significant
difference in the treatments.
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Figure 21. Mean +/- SE egg capsules per female in V irginia /. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. There was no significant
difference in the treatments.
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Figure 22. Mean +/- SE number o f days to one h a lf o f the egg capsules being laid in V irginia
/. obsoleta in the experiments comparing reactions to fam iliar and unfamiliar predators in
2012. There was no significant difference in the treatments.
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Figure 23. Mean +/- SE number o f days to one h a lf o f the egg capsules being hatched in
V irginia /. obsoleta in the experiments comparing reactions to fam iliar and unfam iliar
predators in 2012. There was no significant difference in the treatments.
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Figure 24. Mean +/- SE time between one h a lf o f the egg capsules being laid and one h alf o f
them being hatched in V irgin ia /. obsoleta in the experiments comparing reactions to fam iliar
and unfam iliar predators in 2012. The time in the brittle star treatment was significantly
greater than the time in the blue crab and control treatments.
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Figure 25. Mean +/- SE number o f eggs per egg capsule in V irginia I. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2012. There was no
significant difference in the treatments.
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Figure 26. Mean +/- SE egg capsule length in V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. BC stands for blue crab, GC
stands for green crab, BS stands for brittle star, and C stands for control. The length o f the
capsules in the green crab treatment was significantly greater than the capsule length in the
blue crab treatment.
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Figure 27. Mean +/- SE egg capsule width in V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. There was no significant
difference in the treatments.
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Figure 28. Mean +/- SE capsule spine length in V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. There was no significant
difference in the treatments.
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Figure 29. Mean +/- SE spine length to capsule length ratio in Virginia I. obsoleta in the
experiments comparing reactions to fam iliar and unfamiliar predators in 2012. There was no
significant difference in the treatments.
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Figure 30. Mean +/- SE number o f egg capsules per female in Maine /. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2012. There was no
significant difference in treatments.
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Figure 31. Mean +/- SE time to h a lf o f the capsules being laid in Maine /. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2012. There was no
significant difference in treatments.
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Figure 32. Mean +/- SE time to h alf o f the egg capsules being hatched in Maine /. obsoleta in
the experiments comparing reactions to fam iliar and unfam iliar predators in 2012. There was
no significant difference in treatments.
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Figure 33. Mean +/- SE time between h a lf o f the capsules being laid and h a lf o f them being
hatched in Maine /. obsoleta in the experiments comparing reactions to fam iliar and
unfam iliar predators in 2012. There was no significant difference in treatments.
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Figure 34. Mean +/- SE number o f eggs per capsule in Maine /. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. There was no significant
difference in treatments.
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Figure 35. Mean +/- SE egg capsule length in Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2012. The blue crab treatment had longer egg
capsules than the control treatment.
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Figure 36. Mean +/- SE spine length in Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2012. Both the blue crab and brittle star
treatments had longer spines than the green crab treatment.
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Figure 37. Mean +/- SE ratio o f spine length to egg capsule length in Maine I. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2012. Both the blue
crab and brittle star treatments had greater ratios than the green crab treatment.
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Figure 38. Mean +/- SE egg capsule width in Maine /. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2012. There was no significant difference in
treatments.
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Table 1. A N O V A results for Virginia I. obsoleta in the experiments comparing reactions to
fam iliar and unfamiliar predators in 2011. The egg capsule length was significantly different.

Dependant Variable
Egg Capsules per Treatment
Egg Capsules per Female
Time Between Laying and Hatching
Egg Capsule Length
Egg Number

df
3
3
3

MS
1.158
3265.187
51.639
67732.465
70.045

F
2.265
2.136
1.541
9.449
0.688

Sig
0.158
0.174
0.277
0.005
0.584

Table 2. Tukey test for the capsule length o f V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2011. The length o f the capsules
in the blue crab treatment was significantly greater than the capsule length in the green crab
treatment and the control treatment.

Dependant Variable
Blue Crab
Green Crab
Control
Urchin

Blue
Crab
NA
0.039
0.003
0.107

Green
Crab
Control Urchin
0.107
0.039
0.003
NA
0.317
0.885
0.12
0.317 NA
0.885
0.12 NA

Table 3. Kruskal-W allis results for Virginia I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2011. There was no si gnificant difference
between any o f the treatments.

ChiSquare
2.551
6.954
6.385
1.158
1.872

Dependant Variable
Time to 1/2 Laying
Time to 1/2 Hatching
Egg Capsule Width
Egg Capsule Spine Length
Egg Size

df
3
3
3
3
3

Asymp
Sig.
0.466
0.073
0.094
0.763
0.599

Table 4. A N O V A results for Virginia I. obsoleta in the experiments comparing reactions to
fam iliar and unfamiliar predators in 2011 with the sea urchin data removed. The egg capsule
length was significantly different._______________________________________________

Dependant Variable
Egg Capsules per Treatment
Egg Capsules per Female
Time Between 1/2 Laying
and Hatching
Egg Capsule Length
Egg Number

df

MS
2
175594.333
2
742.557

F
0.286
0.425

2
2
2

0.942
10.642
1.368

41.333
101354.861
104.988

Sig
0.761
0.672
0.441
0.011
0.324
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Table 5. Kruskal-W allis results for V irginia I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2011 w ith the sea urchin data removed. There
was a significant difference in the egg capsule width.___________________________________

ChiSquare
2.987
3.864
6.489
0.807
1.156

Dependant Variable
Time to 1/2 Laying
Time to 1/2 Hatching
Egg Capsule Width
Egg Capsule Spine Length
Egg Size

df
2
2
2
2
2

Asymp
Sig.
0.225
0.145
0.039
0.668
0.561

Table 6. Tukey test for the capsule length (minus sea urchins) o f V irginia I. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2011. The blue crab
treatment was significantly different from the control treatment._____

Dependant Variable
Blue Crab
Green Crab
Control

Blue
Green
Crab
Crab
Control
NA
0.059
0.009
0.312
0.059 NA
0.312 NA
0.009

Table 7. Mann Whitney U test on the egg capsule widths (minus sea urchins) o f V irginia I.
obsoleta in the experiments comparing reactions to fam iliar and unfam iliar predators in 2011.
Significance could not be determined.________________

Dependant Variables
Blue Crab vs Green Crab
Blue Crab vs Control
Green Crab vs Control

Exact Sig
0.1
0.1
0.2

Table 8. A N O V A results for V irgin ia I. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2011 w ith the control outlier and the sea urchin data
removed. There was a significant difference in the time between one h a lf laying and one h a lf
hatching.________________________________________________________________________

Dependant Variable
Egg Capsules per Treatment
Egg Capsules per Female
Time Between 1/2 Laying
and Hatching

df

MS
2
348844.271
2
703.046
2

78.854

Sig

F
4.389
2.555

0.079
0.172

11.211

0.014
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Table 9. Kruskal-W allis results for V irginia I. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2011 with the control outlier and the sea
urchin data removed. There was a significant difference in the time to one h a lf o f the capsule
hatching.

ChiSquare
3.792
6.325

Dependant Variable
Time to 1/2 Laying
Time to 1/2 Hatching

Asymp
Sig.
2
0.15
2
0.042

df

Table 10. Tukey test for the time between !4 laying and lA hatching in V irgin ia I. obsoleta in
the experiments comparing reactions to fam iliar and unfam iliar predators in 2011 w ithout the
sea urchin data or the outlier control. The blue crab treatment was significantly different from
both the green crab treatment and the control treatment.____________

Dependant Variable
Blue Crab
Green Crab
Control

Blue
Crab
NA
0.043
0.015

Green
Crab
Control
0.043
0.015
NA
0.389
0.389 NA

Table 11. Mann Whitney U test for the time to 14 hatching in V irginia 1. obsoleta in the
experiments comparing reactions to fam iliar and unfam iliar predators in 2011 w ithout the sea
urchin data or the outlier control. Significance could not be determined.

Dependant Variable
Blue Crab vs Green
Crab
Blue Crab vs Control
Green Crab vs Control

Exact
Sig
0.1
0.2
0.2

Table 12. A N O V A results for Maine I. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2011. There was no significant difference between the
treatments.

Dependant Variable
Egg Capsules per Treatment
Time to 1/2 Hatching
Egg Number
Egg Capsule Length
Egg Capsule Spine Length
Egg Size

df
3
3o
3
3
3
Jo

MS
401508.667
22.333
58.749
3828.299
2493.056
24.403

F

Sig
3.074
0.848
0.246
0.437
0.417
3.479

0.091
0.505
0.862
0.733
0.746
0.07
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Table 13. Kruskal-W allis results for Maine I. obsoleta in the experiments comparing reactions
to fam iliar and unfam iliar predators in 2011. There is a significant difference in the number o f
capsules per female._______________________________________________________

Dependant Variable
Time to 14 Laying
Time Between 14 Laying
and /4 Hatching
Egg Capsules per Female
Egg Capsule Width

Chi-square
6.83

df

1.301
7.872
3.769

Asymp Sig
3
0.078
3
3
3

0.729
0.049
0.287

Table 14. Mann Whitney U test on the average capsules per female o f Maine I. obsoleta in the
experiments comparing reactions to fam iliar and unfamiliar predators in 2011. Significance
could not be determined.

Dependant Variable
Blue Crab vs Green Crab
Blue Crab vs Sea Urchin
Blue Crab vs Control
Green Crab vs Sea Urchin
Green Crab vs Control
Sea Urchin vs Control

Exact Sig
0.4
0.2
0.1
0.1
0.1
1

Table 15. A N O V A results for Maine I. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2011 without the sea urchin data. There was no
significant difference between the treatments.______________________________________

Dependant Variable
Egg Capsule per Treatment
Time to 14 Hatching
Egg Number
Egg Capsule Length
Egg Capsule Spine Length
Egg Size

df

F

MS
2
2
2
2
2
2

152278.778
30.778
87.936
4342.361
3127.083
35.529

Sig
2.925
0.896
0.329
0.372
0.413
4.27

0.13
0.456
0.732
0.704
0.679
0.07

Table 16. Kruskal-W allis results for Maine I. obsoleta in the experiments comparing reactions
to fam iliar and unfam iliar predators in 2011 without the sea urchin data. There is a significant
difference in the number o f capsules per female and the time to 14 laying._______________

Dependant Variable
Time to 1/2 Laying
Time Between 14 Laying and 14
Hatching
Egg Capsules per Female
Egg Capsule Width

Chi-square
5.853
1.107
5.956
1.689

df

Asymp Sig
2

0.054

2
2
2

0.575
0.051
0.43
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Table 17. Mann Whitney U results for Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2011 for the time to V4 o f the egg capsule
being laid, without the sea urchin data. Significance could not be determined.

Dependant Variable
Blue Crab vs Green Crab
Blue Crab vs Control
Green Crab vs Control

Exact Sig
0.1
0.1
0.4

Table 18. Mann Whitney U W allis results for Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2011 for average egg capsules per female,
w ithout the sea urchin data. Significance could not be determined.

Dependant Variable
Blue Crab vs Green Crab
Blue Crab vs Control
Green Crab vs Control

Exact Sig
0.4
0.1
0.1

Table 19. Kruskal-W allis results for V irgin ia I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2012. There was a significant difference in
the time between one h a lf o f the capsules being laid and one h alf o f them being hatched.

Dependant Variable
Egg Capsules per Female
Time Between Laying and
Hatching

ChiSquare
1.187
8.038

df

Asymp
Sig.
3
0.756
3

0.045

Table 20. Mann Whitney U test on the time between h a lf the capsules being laid and h a lf
being hatched o f V irgin ia I. obsoleta in the experiments comparing reactions to fam iliar and
unfamiliar predators in 2012. There was a significant difference between the brittle star
treatment and the blue crab and control treatments.

Dependant Variable
Blue Crab vs Green Crab
Blue Crab vs Brittle Star
Blue Crab vs Control
Green Crab vs Brittle Star
Green Crab vs Control
Brittle Star vs Control

Exact Sig
0.181
0.019
1
0.461
0.081
0.019
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Table 21. A N O V A results for V irginia 1. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2012. There was a significant difference in the egg
capsule length.________________________________________________________________

Dependant Variable
Capsule Length
Capsule Width
Spine Length
Spine to Capsule Length Ratio
Egg Number
Egg Capsules per Treatment
Time to 1/2 Capsules Laid
Time to 1/2 Capsules Hatched

df

MS
2 27470.221
2
6085.052
2 4810.078
2
0.004
3
100.675
nD 68059.333
3
92.472
3
89

F
4.641
1.825
0.667
1.28
0.88
0.928
2.134
1.761

Sig
0.032
0.203
0.531
0.313
0.479
0.445
0.128
0.187

Table 22. Tukey test for the capsule length o f V irginia I. obsoleta in the experiments
comparing reactions to fam iliar and unfam iliar predators in 2012. Due to a lack o f replicates
the brittle star data could not be analyzed in this test, so it was left out. The blue crab
treatment was significantly different from the green crab treatment.

Blue Crab
Green Crab
Control

Blue
Crab
NA
0.028
0.418

Green
Crab
Control
0.028
0.418
NA
0.227
0.227 NA

Table 23. A N O V A results for Maine I. obsoleta in the experiments comparing reactions to
fam iliar and unfam iliar predators in 2012. There was a significant difference in the egg
capsule length, the spine length, and the ratio between spine length and capsule length.

Dependant Variable
Capsule Length
Capsule Width
Spine Length
Spine to Capsule Length
Ratio
Egg Number
Egg Capsules per Treatment
Egg Capsules per Female
Time to 1/2 Capsules Laid

df

MS
3 37458.421
3
6839.45
3
18582.725
3
0.005
3
1105.435
3 352444.519
3
1271.61
2.602
3

F
3.43
0.957
4.921

Sig
0.029
0.425
0.007

4.284
0.881
1.53
1.243
0.744

0.012
0.483
0.226
0.31
0.535
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Table 24. Tukey test for egg capsule length in Maine I. obsoleta in the experiments comparing
reactions to fam iliar and unfamiliar predators in 2012. There was a significant difference
between the blue crab and control treatments.

Blue Crab
Green Crab
Brittle Star
Control

Blue
Crab
NA
0.492
0.225
0.017

Green
Crab
Brittle Star Control
0.017
0.492
0.225
0.964
NA
0.37
0.964 NA
0.627
NA
0.37
0.627

Table 25. Tukey test for spine length in Maine 1. obsoleta in the experiments comparing
reactions to fam iliar and unfam iliar predators in 2012. There was a significant difference
between the green crab treatment and the blue crab and brittle star treatments.

Blue Crab
Green Crab
Brittle Star
Control

Blue
Crab
NA
0.022
0.986
0.056

Green
Crab
Brittle Star Control
0.022
0.986
0.056
0.963
NA
0.048
0.115
0.048 NA
0.963
0.115 NA

Table 26. Tukey test for the ratio o f spine length to egg capsule length in Maine I. obsoleta in
the experiments comparing reactions to fam iliar and unfamiliar predators in 2012. There was
a significant difference between the green crab treatment and the blue crab and brittle star
treatments.

Blue Crab
Green Crab
Brittle Star
Control

Blue
Crab
NA
0.035
0.999
0.253

Green
Crab
Brittle Star Control
0.253
0.035
0.999
NA
0.732
0.026
0.026 NA
0.199
0.732
0.199 NA
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Figure 1. Experimental setup fo r the second predator exposure experiment. Each box is one
replicate The snails and the predators are housed in the same container (26.9 x 12.4 x 14 cm),
separated by a mesh barrier for water and cue flow. Each box is a replicate. RC stands for
rock crab, HC for hermit crab, GC for green crab, ASC for Asian shore crab, SU for sea
urchin, and C for control.
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Figure 2. An example o f the capsule morphology measurements. Length was the measure
from the base o f the egg capsule to the base o f the spines found around the opening o f the
capsule. Width was taken at the widest point o f the egg capsule and spines were not taken into
account in this measurement. The spine measurement taken from the base o f the longest spine
to its tip.

Figure 3. Illustration o f how larval length was measured. The longest line parallel to the
aperture o f the shell was measured with an ocular micrometer on a compound microscope.
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Figure 4. Mean +/- SE larval length for snail larvae from the comparison o f native and
invasive predators. C is the control, HC is hermit crab, RC is rock crab, GC is green crab,
ASC is Asian shore crab, and SU is sea urchin. There was no significant difference.
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Figure 5. Mean +/- SE egg diameter from the comparison o f native and invasive predators.
There was no significant difference.
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Figure 6. Mean +/- SE number o f egg per capsule from the comparison o f native and invasive
predators. There was no significant difference.
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Figure 7. Mean +/- SE number o f egg capsules per female from the comparison o f native and
invasive predators. There was no significant difference.
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Figure 8. Mean +/- SE egg capsule length from the comparison o f native and invasive
predators. There was no significant difference.
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Figure 9. Mean +/- SE egg capsule width from the comparison o f native and invasive
predators. There was no significant difference.
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Figure 10. Mean +/- SE egg capsule spine length from the comparison o f native and invasive
predators. There was no significant difference.
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Figure 11. Mean +/- SE ratio o f spine length to egg capsule length from the comparison o f
native and invasive predators. There was no significant difference.
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Figure 12. Mean +/- SE time to Vi o f the egg capsules being laid from the comparison o f
native and invasive predators. There was no significant difference.
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Figure 13. Mean +/- SE time to V2 o f the egg capsules being hatched from the comparison o f
native and invasive predators. There was no significant difference.
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Figure 14. Mean +/- SE time between I/2 o f the egg capsules being laid and V2 o f the egg
capsules being hatched from the comparison o f native and invasive predators. There was no
significant difference.
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Table 1. A N O V A results for the analysis o f reproductive traits compared between native and
invasive predators. There was no significant difference between treatments._______________

Dependant Variable
Larval Length
Egg Size

df

F

MS
5
5

Egg Capsules per Treatment
Egg Number
Egg Capsule Length
Egg Capsule Spine Length
Spine to Capsule Length Ratio

5
5
5
5
5

23.732
2.348
401475.99
4
372.46
10861.148
6303.959
0.002

0.819
0.53

Sig
0.549
0.751

0.817
0.537
0.964
1.353
1.65

0.55
0.746
0.46
0.278
0.187

Table 2. Kruskal-W allis results fo r the analysis o f reproductive traits compared between
native and invasive predators. There was no significant difference between treatments.

Chisquare
5.777
6.478
10.225
6.392
6.894

Dependant Variable
Time to Vi Hatching
Egg Capsules per Female
Time to Vi Laying
Time Between Vi Laying and Hatching
Egg Capsule Width

df
5
5
5
5
5

Asymp Sig
0.329
0.262
0.069
0.27
0.229

Table 3. A N O V A results for the summer experiment without the sea urchin data. There was
no significant difference between treatments________________________________________

Dependant Variable
Larval Length
Egg Capsule Length
Egg Capsule Spine Length
Spine Length to Egg Capsule Length
Ratio
Egg Size
Egg Capsules per Treatment
Egg Number

28.803
4956.77
6881.302

F
0.886
0.52
1.743

Sig
0.491
0.722
0.182

4
0.001
4
2.271
4 368389.806
4
107.635

1.319
0.467
0.733
0.155

0.299
0.759
0.581
0.958

df

MS
4
4
4

Table 4. Kruskal-W allis results for the summer experiment without the sea urchin data. There
was no significant difference between treatments.______________________________________

Dependant Variable
Time to IT Laying
Time Between 14 Laying and Hatching
Egg Capsule Width
Time to 14 Hatching
Egg Capsules per Female

Chi-square
2.247
0.304
3.716
3.448
5.353

df Asymp Sig
4
0.69
4
0.99
4
0.446
4
0.486
4
0.253

Table 5. A N O V A results for the summer experiment with the hermit crab and rock crab data
combined into a “ natives” treatment and without the sea urchin data. There was no significant
difference between treatments.

Dependant Variable
Larval Length
Egg Size
Egg Capsules per Treatment
Time to !4 Hatching
Egg Number
Egg Capsules per Female
Egg Capsule Spine Length
Spine Length to Egg
Capsule Length Ratio
Time Between 14 Laying
and 14 Hatching

df MS
F
3
22.996
0.693
3
2.649
0.567
3
283685.575
0.558
o
J
4
1.053
3
142.985
0.217
.3
4233.713
1.564
3
5834.447
1.372

Sig
0.567
0.643
0.649
0.391
0.884
0.229
0.28

3

0.001

1.14

0.357

3

1.389

0.157

0.923

Table 6. Kruskal-W allis results for the summer experiment with the hermit crab and rock crab
data combined into a “ natives” treatment and without the sea urchin data. There was no
significant difference between treatments.___________________________________

Dependant Variable
Egg Capsule Length
Egg Capsule Width
Time to 14 Laying

Chisquare
3.822
3.714
1.977

df

Asymp
Sig
J
0.281
0.294
3
3
0.577

89

Table 7. A N O V A results for the summer experiment w ith the hermit crab and rock crab data
combined into a “ natives” treatment, the green crab and Asian shore crab data combined into
an “ invasives” treatment and w ithout the sea urchin data. There was no significant difference
between treatments.

Dependant Variable
Larval Length
Egg Size
Egg Capsules per Treatment
Time to 14 Hatching
Egg Number
Egg Capsules per Female
Egg Capsule Spine Length
Spine Length to Egg Capsule
Length Ratio
Time Between Laying and !4
Hatching

df MS
F
2
24.192 0.742
2
3.974 0.893
2 423750.585 0.874
2
2.4 0.606
2
190.059 0.301
2
6346.476 2.461
2
1627.457 0.344

Sig
0.488
0.424
0.432
0.555
0.743
0.11
0.713

2

0.001

0.789

0.467

2

2.084

0.252

0.781

Table 8. Kruskal-W allis results for the summer experiment w ith the hermit crab and rock crab
data combined into a “ natives” treatment, the green crab and Asian shore crab data combined
into an “ invasives” treatment and without the sea urchin data. There was no significant
difference between treatments.

Dependant Variable
Egg Capsule Length
Egg Capsule Width
Time to !4 Laying

Chisquare
2.002
2.167
1.513

df

Asymp
Sig
2
0.368
2
0.338
2
0.469
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